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Title: A zinc oxide-modified hydroxyapatite-based cement favored sealing ability in 
endodontically treated teeth. 
 
ABSTRACT 
Objectives: To evaluate the effectiveness of different endodontic canal sealers for 
dentin permeability reduction and to determine the viscoelastic performance of root 
dentin after their application. 
Methods: Cervical, medial and apical root dentin surfaces were treated with two 
experimental hydroxyapatite-based cements, containing sodium hydroxide (calcypatite) 
or zinc oxide (oxipatite); an epoxy resin- based canal sealer, AH Plus; and gutta-percha. 
Root dentin was evaluated for fluid filtration. Field emission scanning electron 
microscopy, energy dispersive analysis, AFM, Young’s modulus and Nano-DMA 
analysis were also performed, at the inner and outer zones of dentin.  
Results: Dentin treated with oxipatite showed the lowest microleakage among 
groups with hermetically sealed tubules and zinc-based salt formations. Samples treated 
with oxipatite showed the highest Ei at the cervical dentin third among groups, at 6 m of 
storage. Oxipatite promoted the highest complex modulus and tan delta values at the 
inner zone of both cervical and medial root dentin. Calcypatite favored the lowest tan 
delta outcomes at the inner zone of apical dentin at 6 m. 
Conclusions: Specimens treated with oxipatite showed the highest sealing ability, 
based on the highest Young’s modulus and dentin mineralization, achieved by closing 
dentinal tubules, voids and pores that reinforced the inner zone of root dentin. The 
homogeneity of viscoelastic properties among the different root dentin thirds favored 
the energy dissipation without creating zones of stress concentration and micro-cracking 
which would have challenge micropermeability. Thereby, among the tested materials 
oxipatite is proposed as canal filling material and sealer in endodontics.  
 
Clinical Significance: Oxipatite could be considered a good candidate for root canal 
filling material and sealer due to its improved long-term sealing ability and to the 
advanced remineralization, and so to the enhanced energy dissipation achieved at the 
inner zone of the radicular dentin.  
 
 






Endodontically treated teeth are more likely to fracture than vital teeth because of 
the loss of tooth structure due to caries, access cavity preparation, and instrumentation 
of root canal. Both elastic deformation and crack propagation determine the mechanical 
performance of dentin. Microcracks are found very often in radicular dentin, being pre-
existing microcracks or of iatrogenic nature [1]. The availability of endodontic materials 
with suitable bioactivity aimed to obliterate microcraks, voids, pores and capillary 
channels is a requirement for the success of the current root canal therapy.  In order to 
ensure this permanent sealing ability, the material must  show no disintegration and 
stability when in contact with physiological fluids [2,3]. A contemporary endodontic 
treatment technique requires a core material such as gutta-percha and a canal sealer with 
a dual resin or specific endodontic cement.  
Root canal sealers can be inert or able to induce mineral deposition, directly related 
to their chemical constitution [4]. The contribution of glass-ionomer cements to root 
canal seal is controversial as they are susceptible to water sorption and leaching [5]. The 
Portland-based Mineral Trioxide Aggregate cement (MTA) [6] has been used in 
endodontic field. However, Portland-based materials exhibited long setting time [7], 
time solubility [8], reduced handling [9], potential discoloration of teeth [10] and a high 
cost [9]. Moreover, it has been recently reported that root-end fillings performed with 
MTA may be affected by microleakage after 6 months of water storage [11]. Root canal 
sealers based on epoxy resins such as AH-Plus have been recognized as “gold standard” 
among endodontic materials to obtain adhesion to root dentin surface but doubts about 
toxicity and dentin regeneration question their use [12]. 
Intracanal medicaments containing calcium hydroxide [Ca(OH)2] are employed in 
regenerative endodontics [13], but they seem to favor root fracture.  Calcium hydroxide 
powder in association with hydroxyapatite (HAp), as vehicle, has been proposed for 
repair and regeneration of hard tissues [14]. Nevertheless, HAp possesses low 
mechanical strength and fracture toughness, which is an obstacle for its application in 
load-bearing areas [14]. Zn-substituted HAp has been shown to possess enhanced 
bioactivity. This effect makes zinc attractive for use as therapeutic agent in the fields of 
hard tissue regeneration [15].  
To investigate the changes in the mechanical properties of root dentin associated 
with cervical, middle or apical regions after applying different endodontic sealers,  
atomic force microscopy (AFM)-based nano-indentation and surface morphology were 
determined. Scanning electron microscope in combination with energy dispersive X-
rays analyzer (FESEM/EDX) were also done. The aim of this study was to evaluate the 
flow rate, thorough endodontically treated roots as an index of sealing ability, to assess 
the Young’s modulus as an index of mineralization, and viscoelastic behavior of 
radicular dentin interfaces treated with four root canal filling materials used as sealers in 
association with gutta-percha. The tested null hypothesis was that the endodontic sealer 
selection does not influence dentin micropermeability, neither Young’s modulus and 
viscoelasticity, evaluated at the interfaces, over time. 
 
2. Materials and methods 
2.1. Specimen preparation and cement application  
Sixty four human mandibular premolars with single roots and vital pulp, extracted 
for orthodontic or periodontal reasons, without caries lesions were obtained with 
informed consent from donors (18–25 yr of age), under a protocol approved by the 
Institution Review Board (#139/CEIH/2016). The teeth were randomly selected and 




month. This storage medium was replaced weekly. All teeth were integral and examined 
using a stereomicroscope (Olympus SZ-CTV, Olympus, Tokyo, Japan) to ascertain the 
absence of any root fracture or craze lines. The teeth were decoronated using a low- 
speed diamond saw (Accutom-50 Struers, Copenhagen, Denmark), and the root length 
was standardized to approximately 12 mm. and radiographed at 2 angulations to 
confirm the presence of a single canals. The rest of the root canal treatment was as in 
Mestres et al [3]. 
Two experimental hydroxyapatite-based cements were used: i) Calcypatite 
composed by modified hydroxyapatite particles and a calcium hydroxide-based paste 
and ii) Oxipatite which is a combination of the hydroxyapatite particles and zinc oxide 
(ZnO). (iii) AH PLUS cement (Dentsply, DeTrey, Konstanz, Germany) and finally (iv) 
guttapercha (GuttaCore) (Dentsply Maillefer, Ballaigues, Switzerland) was compacted 
into the radicular canal without any sealer or cement. A detailed description of the 
chemicals and cements is provided in Table 1. Sixteen teeth were treated with each 
cement type. Cements were introduced into the root using a lentulo spiral [3,16,17]. The 
cements, used as filling materials (calcypatite and oxipatite), or as sealer (AH-PLUS), 
were compacted into the radicular canal with an endodontic plugger.  For gutta-percha, 
one size 30 GuttaCore (GC) cone was placed into the canal to working length, in all 
groups.  
 
2.2. Sealing ability trough the fluid filtration system 
Forty samples were employed for this part of the study. Ten specimens were tested 
for each cement type. After storing the filled root canals in SBFS for 24 h, teeth were 
covered with two layers of varnish up to 2 mm from the root apex. The provisional 
restoration was removed and the coronal part was fixed on a Plexiglass support with 
cyanoacrylate adhesive (Rocket, Corona, CA, USA); the support was penetrated by an 
18-gauge needle, which was introduced 2 mm into the root coronal portion. To measure 
the microfiltration of the filled roots, the other side of the 18-gauge needle was 
introduced into an 18-gauge polyethylene tubing (R-3603, Tygon, Paris, France) of the 
fluid filtration system. The fluid flow of the filled root canals was measured using a 
liquid flow sensor (ASL 1600, Sensirion, Staefa, Switzerland), which was connected 
between the source of hydraulic pressure and the root specimen. A constant hydraulic 
pressure of 6.86 kPa was generated by suspending a syringe filled with 60 mL of 
deionized water 70 cm above the sensor (Fig 1a). The fluid flow rate of every specimen 
(out of 10 for each formulation) was measured for 30 s and repeated 10 times in 
succession, after 5 min of fluid stabilization (total measurements n = 100). The fluid 
flow through the root canal was measured at different time periods: 24 h, 1 week and 1, 
3 and 6 months [18]. The specimens were stored in SBFS and the medium was 
refreshed every 2 weeks.  
 
2.3. Nanoindentation 
Twenty four teeth were employed in this part of the study. Six teeth per cement type 
were employed. 50% of the specimens were tested at 24 h and the other after 6 m of 
storage. From each root, three dentin blocks were obtained. The crowns were removed 
at the cement-enamel junction, using a water-cooled diamond saw (Accutom-50 Struers, 
Copenhagen, Denmark). The roots were then sectioned bucco-lingually through the 
centre of the root canal, in order to obtain three sample slabs with a thickness of 1 mm, 
from cervical, middle and apical areas for evaluation. The surfaces were polished 
through SiC abrasive papers from 800 up to 4000 grit followed by final polishing steps 




Struers GmbH, Hannover, Germany) (Fig 1b). The specimens were treated in ultrasonic 
bath (Model QS3, Ultrawave Ltd, Cardiff, UK) containing deionized water for 5 min at 
each polishing step.  
 
a) Young’s Modulus and Nano-DMA analysis 
A Hysitron Ti-750D TriboIndenter (Hysitron, Inc., Minneapolis, MN) equipped 
with a commercial nano-DMA package was employed in this study. The nanoindenter 
was a Berkovich (three sides pyramidal) diamond tip (tip radius ∼20 nm). The 
nanoindenter tip was calibrated against a fused quartz sample using a quasistatic force 
setpoint of 5 µN to maintain contact between the tip and the sample surface. Based on a 
calibration-reduced modulus value of 1.1400E+03 N/mm2 for the fused quartz, the best-
fit spherical radius approximation for tip was found to be 150 nm. On each slab, ten 
indentation were executed in two different mesio-distal positions [20 µm next to 
radicular cement (outer zone) and 20 µm next to radicular canal (inner zone)] (Fig 1b) 
along the dentin surface in a straight line.  Indentations were performed with a load of 
4000 nN and a time function of 10 s. The indenter was progressively (at a constant rate) 
pressed over the sample up to a peak load of 4000 µN. Specimens were scanned in a 
hydrated condition. To avoid dehydration a layer of ethylene glycol over the specimen 
surface was applied, preventing water evaporation during a typical 25-to-30-min 
scanning period [19]. The rest of the procedures were as in Oliver and Pharr [20] and 
Toledano et al. [21].  
 Further dentin disks were subjected to nano-DMA analyses. A dynamic 
(oscillatory) force of 2 µN was superimposed on the quasistatic signal at a frequency of 
200 Hz. Based on a calibration-reduced modulus value of 69.6 GPa for the fused quartz, 
the best-fit spherical radius approximation for tip was found to be 150 nm, for the 
selected nano-DMA scanning parameters. Modulus mapping was conducted by 
imposing a quasistatic force setpoint, Fq=2 µN, to which it was superimposed a 
sinusoidal force of amplitude FA=0.10 µN and frequency f=100 Hz. The resulting 
displacement (deformation) at the site of indentation was monitored as a function of 
time. Data from regions, approximately 20×20 µm in size, were collected using a 
scanning frequency of 0.2 Hz. Specimens were scanned under a hydrated condition. In 
order to accomplish for this purpose, samples were stored in PBS after polishing to 
maintain the hydration. The rest of the procedure was as in Toledano-Osorio et al. [22].  
 
b) Atomic Force Microscopy (AFM) 
An atomic force microscope (AFM Nanoscope V, Digital Instruments, Veeco 
Metrology group, Santa Barbara, CA, USA) was employed in this study for topography 
mappings. The imaging process was undertaken inside a fluids cell of the AFM in a 
fully hydrated state, using the tapping mode, with a calibrated vertical-engaged piezo-
scanner (Digital Instrument, Santa Barbara, CA, USA). A 10 nm radius silicon nitride 
tip (Veeco) was attached to the end of an oscillating cantilever that came into 
intermittent contact with the surface at the lowest point of the oscillation [22].  
 
2.4. Field Emission Scanning Electron Microscopy (FESEM) and energy dispersive 
(FESEM/EDX) analyses 
After nano-DMA and AFM analysis, specimens were fixed in a solution of 2.5% 
glutaraldehyde in 0.1 mol/L sodium cacodylate buffer for 24 h.  Samples were subjected 
to critical point drying (Leica EM CPD 300, Wien, Austria), sputter-coated with carbon 
by means of a sputter-coating Nanotech Polaron-SEMPREP2 (Polaron Equipment Ltd., 




(FESEM Gemini, Carl Zeiss, Oberkochen, Germany). Energy-dispersive analysis was 
also performed in selected points using an X-ray detector system (EDX Inca 300, 
Oxford Instruments, Oxford, UK) attached to the FESEM. FESEM and EDX analyses 
were performed at 24 h and 6 m of SBFS storage. 
 
2.5. Statistical methods 
Statistical analysis was performed for dentin permeability and nano-DMA 
evaluations with ANOVA, Student Newman Keuls multiple comparisons (P<0.05) and 
Student t tests (P<0.01).  
 
 3. Results  
The fluid filtration rate (µL min-1) for the four groups at different storage time (24 h-
6 months) is shown in Fig. 2. Statistically significant differences (P<0.05) were found 
among sealers. In detail, samples treated with both guttacore and AH Plus did not show 
any change in microleakage over time (P<0.05). Specimens treated with calcypatite did 
not change their microleakage values over time after 1 week of storage (P<0.05), 
showing a stable seal. Specimens treated with oxipatite did not modify their 
microleakage values over time, except atter 1 week of storage when it increased 
(P<0.05). Root dentin treated with oxipatite showed the lowest microleakage among 
groups at 1, 3 and 6 month of storage (P<0.05).  
The modulus of Young (Ei) of dentin surfaces was influenced by the type of canal 
filler (P<0.05), dentin third (P<0.05), dentin zone (P<0.05) and by the storage time 
(P<0.05). Interactions between factors were also significant (P<0.05). Mean and SD of 
Ei at the three different dentin disks (cervical, medial and apical) and zones (inner and 
outer dentin) are represented in Table 2. Samples treated with oxipatite showed the 
highest Ei at both inner and outer zones of cervical dentin third, at 6 m of storage time 
(Table 2). Samples treated with oxipatite increased their modulus of Young over time at 
the inner zone of cervical and apical dentin. At the inner zone of the apical dentin third, 
specimens treated with both calcypatite and oxipatite cements obtained the highest Ei at 
6 m of storage, and samples treated with oxipatite increased their values over time.  At 
the outer zone of dentin, samples treated with oxipatite showed the highest Ei values 
among groups, and Ei did not change over time. After 6 m of storage, the inner zone of 
apical dentin treated with oxipatite also attained the highest Ei among dentin thirds.  
After 6 m of storage, at the inner zone of cervical and medial dentin all samples 
attained similar storage modulus (E'). Dentin treated with calcypatite showed the 
highest E' at the inner apical dentin, and all samples performed similar at the outer zone 
(Table S1).  After 6 m of storage, at the inner zone of cervical dentin samples treated 
with both AH Plus and GuttaCore attained similar loss modulus (E") that was lower 
than that of oxipatite and calcypatite. E" was similar, among groups, after 6 m time 
point at the inner or outer medial and apical dentin thirds (Table S1). At the apical 
dentin third, samples treated with calcypatite attained the highest complex modulus (E*) 
values at the inner zone after 6 m of storage (Figs S1a, S2c), and AH plus promoted the 
lowest values; at the outer zone differences were not encountered. E* assessed at the 
inner zone of cervical and medial dentin thirds showed similar values among groups at 
6 m of storage, meanwhile specimens treated with oxipatite achieved the highest values, 
and AH Plus the lowest, at the outer zone of cervical dentin (Figs S1a, S2d). After 6 m 
of storage, tan delta (δ) at the inner and outer zones of cervical and medial dentin thirds 
showed the highest values when oxipatite was used (Fig S1b). Inner dentin treated with 
oxipatite, after 6 m, showed peritubular (double arrows) and intertubular (asterisks) 




on the dentin surface. No sign of stress concentration was discovered through the dentin 
surface due to the highest homogeneity of viscoelastic properties among the different 
dentin thirds, especially at the tan δ values (Fig. 3a).  Multiple rods-like bodies (arrows) 
linked those crystal precipitates. Special mineral formations, combination of both 
straight rods (4cꞏI, cꞏII) and knob-like precipitates (4cꞏII), were observed at the 
interface. At the inner zone of the apical dentin third, samples treated with calcypatite 
achieved the lowest tan delta (δ) values. Samples treated with calcypatite, after 6 m 
showed stick-slip images in radial direction of nucleated minerals which resulted 
observable at the intertubular dentin, as sight of energy dissipation (arrowheads) 
Extended mineral-depleted areas (faced arrows) are reflected. The crack deflection and 
branching around the peritubular cuff, may be observed at the dentin wall of an unfilled 
tubule (single arrows). Strong processes of intertubular and intratubular mineralization, 
with protruding rounded forms were also observed (faced double arrows) (Fig. 3b). 
Mineral exhibited multiform clumps of material scattered, uneven, grouped or 
interconnected as dense network of buttons-like materials, rounding (4dꞏII, 4eꞏII) or 
amorphous (4fꞏII). Strong mineralization of peritubular dentin was detectable and 
minerals formed a collar around the narrowest ring of the tubule lumen (arrowheads) 
(4dꞏII, 4eꞏI, 4eꞏII), and some porosities were detected at the interface (asterisks). At the 
outer dentin zone both AH Plus and oxipatite showed the lowest values (Fig S1b). 
When AH Plus was used after 6 m of immersion, firm partial (arrows) or total 
(asterisks) tubular occlusion was shown. Opened dentinal tubules are observed (double 
arrows). Some bridge and rod-like new mineral formations were observed surrounding 
the intratubular crystals (faced arrows). These crystals precipitated beams held the 
intratubular deposits of mineral to the peritubular dentin. Microcraks (double faced 
arrows), located at the limits between the peritubular and intertubular dentin, may be 
shown parallel to the intratubular mineral deposits (Fig. 3c). 
Samples treated with calcypatite showed both dentinal tubules totally filled, partially 
occluded with calcium-phosphate formations, or mineral-free (Figs 3b, 4c). Specimens 
treated with oxipatite showed, in general, hermetically sealed tubules and zinc-based 
salt formations (Figs 3a, 4d). With both canal sealers, peritubular dentin appeared 
strongly mineralized. Gaps were observed at the resin and dentin interface when AH 
Plus was employed (Figs 3c, 4g). 
 
4. Discussion 
Obturating instrumented root canals with oxipatite, a combination of hydroxyapatite 
particles and zinc oxide, reinforces the inner root zone at any third of radicular dentin. 
This was achieved by increasing Young’s modulus, remineralization, resistance to 
dynamic deformation and potential for recoil and /or failure and, as a consequence, 
sealing ability. The direct contact of canal sealer cements with dentin, i.e inner zone, 
may challenge wound healing and affect sealing [18]. Samples treated with oxipatite 
increased the modulus of Young over time at the inner zone of cervical (~22 GPa) and 
apical (~26 GPa) dentin (Table 2). The outcomes obtained in the present study may be 
interpreted as result of a higher mineralization [23], and was linked to mineral 
precipitation (Ca, P and Zn) within the demineralized organic matrix.  
 
The determined Young’s modulus for permanent dentin has been 24.4 GPa [24]. Xu 
et al. [25] obtained data, ranging from 16.45 to 24.47 GPa consistent with that obtained 
at cervical, medial and distal regions in the present research (Table 2). The highest Ei 
values (25.99 GPa) were attained at the inner apical dentin when oxipatite was used, at 




Ca/P growth inhibitors [26], favoring intrafibrillar mineralization of collagen [27] 
linked to the raise of Ei (Table 2). Thus, root dentin treated with oxipatite showed, in 
general, the lowest microleakage among groups over time (Fig 2). This improved 
sealing ability was associated with the formation of hydroxyapatite (Figs 3a, 4d, 4e, 4f) 
that would obliterate voids, pores and capillary channels [7]. Additionally, an efficient 
remineralizing effect would require the capacity to absorb mechanical shock waves in 
order to prevent crack generation and propagation across the dentin surface. The 
presence of cracks influencing microleakage reinforces the assumption that they can 
facilitate the penetration of fluids and acids, which demineralize the hydroxyapatite 
around it, producing not only fracture but also recurrent caries [28]. 
 
Considering that both the storage modulus (E') and the loss modulus (E'') are 
involved in the viscoelastic expression of the complex modulus (E*) and tan δ, only E* 
and tan δ will be discussed. The complex modulus is a measure of the resistance of a 
material to dynamic deformation [29]. High different modulus (E*) at the inner zones of 
cervical dentin were observed close to relatively low elastic modulus inner zones of 
medial dentin when both calcypatite (Figs 4a, 4b, S2a, S2b) and oxipatite (Figs 4d, 4e) 
were used (Fig. S1a). As a result, E* differences between cervical and medial root 
dentin treated with oxipatite were lower (~2.37 fold) than that obtained when 
calcypatite was employed (~3.31 fold). Differences were also higher in samples treated 
with calcypatite than with oxipatite when medial and apical inner dentin zones were 
respectively compared (~3.38 vs 1.34 fold). Root dentin surfaces treated with oxipatite 
at cervical/middle inner zones (Figs 4d, 4e, 4f, S2d, S2e) showed null ratios of tan δ 
values (~0.0 fold) in comparison to calcypatite (~0.3 fold) after 6 m of storage (Fig 
S1b). The lower tan δ, the greater the proportion of energy available in the system for 
recoil and/or failure [30]. This homogeneous viscoelastic performance was not 
associated to any sign of energy concentration which hardly appeared at the dentin 
surface treated with oxipatite (Fig. 3a) [31]. Perhaps, the higher mineralization of dentin 
with oxipatite, at the expense of zinc-based salts that formed in dentin (Fig 4a) and at 
the pulp canal sealer surface (Fig. 4b) able to fill the open voids [18], results in an 
increase of cohesion within the dentin constituents. As a consequence, no signs of stress 
concentration nor crack deflection were observed contributing to the low microleakage 
scores and permeability that were reported, explaining the stable sealing ability 
demonstrated over time by oxipatite (Fig. 2).  
Generally, specimens treated with calcypatite did not change their microleakage 
values over time, and showed lower sealing ability (Fig. 2) than oxipatite (Figs. 3b, 4b, 
4hꞏI). Furthermore, the inner zone of dentin decreased its Ei values over time, when 
calcypatite was used as canal sealer at both cervical and medial dentin disks (Table 2), 
denoting poor remineralization potential (Figs. 4d, 4e, 4f) after 6 m time. Dentinal 
tubules appeared partially filled or empty, reflecting scarce presence of intratubular 
mineralization in comparison to samples treated with oxipatite (Figs. 4a, 4b, 4c). The 
topography mapping obtained by AFM confirmed the existence of a neat stick-slip 
image at the peritubular-intertubular dentin edge, in samples treated with calcypatite at 
6 m time point (Fig. 3b). These stick-slip images and little rod-like minerals appeared at 
the dentin surface as bridge-like structures [31] that might be influential in effectively 
resisting crack propagation leading to fracture [32] by nucleating minerals at micro (Fig 
S3b) and nano-scales (Fig 3b) cracked zones. These microcraks contribute to the 
damage of the quality parameters of the dentin [32], though dentin exhibits a rising 
crack growth resistance with crack extension due to its hierarchical microstructure [33]. 




structures [34], where an extended layer of new mineral with frictional pullout crossed 
over a part of the dentin surface (Fig S3a). Those formations were absent in samples 
treated with oxipatite (Fig. 3a). Nevertheless, this calcified barrier is porous, composed 
of micro-channels [18], and weakens roots when placed for extended periods [35], 
favoring microleakage (Fig 2) and low mechanical properties in case of using 
calcypatite (Table 2).  
AH Plus contains Epoxi resins which has been demonstrated to suffer from traces of 
moisture and the sealing process is negatively affected by the internal dentine wetness 
which favors local detachment and marginal gaps between the dentin and the canal 
sealer [18] (Figs. 3c, 4g). Thus, calcypatite application provoked one of the lowest 
mechanical properties at both 24 h and 6 m in the different dentin thirds, which denotes 
poor functional or intrafibrillar remineralization [36], slowing down the active dentin 
remodeling, with decreased maturity and low mechanical properties [23]. This 
discouraged its indication for endodontic sealer, and oxipatite is preferred. In general, 
specimens treated with oxipatite reproduced the greater sealing ability, i.e, the lowest 
microleakage among groups (Fig. 2). Thereby, oxipatite could be considered good 
candidate as root canal filling material and sealer due to its improved long-term sealing 
ability.  
Although the results further establish the importance of including zinc oxide in the 
chemical formulation of hydroxyapatite based cements for endodontic purposes, there 
are recognized limitations, e.g, differences in microstructure between sound and caries 
affected root dentin. Endodontic treatment can introduce flaws which can lead to 
premature failure of the tooth as a result of a catastrophic failure, or more plausible, 
subcritical crack growth induced by cycling-fatigue loading [37]. Nevertheless, these 
are to the best of our knowledge the only available results from nano-DMA experiments 
with morphological characterization from root dentin treated with Zn oxide-modified 
and calcium hydroxide apatite-based cements. Based on this reasoning, the null 
hypothesis that was established must be rejected.  
 
5. Conclusions 
GuttaCore alone or with AH Plus did not efficiently promote sealing and 
remineralization of the radicular dentin. Calcypatite produced non-functional 
mineralization and micropermeability due to porosities and scarce energy dissipation.  
Specimens treated with oxipatite, a combination of hydroxyapatite particles and zinc 
oxide, showed the highest sealing ability. The lowest microleakage among groups that 
attained was based on the highest modulus of elasticity and dentin mineralization that 
was achieved by closing dentinal tubules, voids, pores and capillary channels. The 
homogeneity of viscoelastic properties among the different root dentin thirds 
contributed to the energy dissipation without creating zones of stress concentration and 
micro-cracking which would have favored micropermeability. Thereby, within the 
limitation of the present study, oxipatite is proposed as canal filling material and sealer 
due to, in addition, its improved long-term sealing ability.  
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Basic formulation per 100 gr 
Content and quantity (g) Percentage (%) 
Calcium hydroxide 45.0 g 
Carbowax 400 40.0 g 
Titanium dioxide 7.0 g 
Aerosil 1.0 g 





granulate in hte 
form of shape 
irregular with 
grain size between 
0.1 and 0.4 mm 
[38].   
Component and percentage 
57.5 
Calcium 39.2 % 
Phosphorus 18.3 % 
Magnesium < 0.1 % 
Sodium < 0.1 % 
Silicon  0.001-0.03 % 
Other minor components  < 0.005 % 
 





Basic formulation per 100 gr 
Content and quantity (g) Percentage (%) 
Zinc oxide (grain size ᷉ 1µm) 39.61 g 
Titanium dioxide 5.8 g 
Carbowax 400  40.0 g 
Aerosil 2.0 g 





granulate in hte 
form of shape 
irregular with 
grain size between 
0.1 and 0.4 m 
[38].     
Component and percentage 
57.5 
Calcium 39.2 % 
Phosphorus 18.3 % 
Magnesium < 0.1 % 
Sodium < 0.1 % 
Silicon  0.001-0.03 % 
Other minor components  < 0.005 % 
 
Molar relation Ca/P 1.66 




Paste A: diepoxide, calcium tungstate, zirconium oxide, aerosil, 
pigment (Fe oxide) 
Paste B: 1-adamantane amine, N,N’-dibenzyl-5-oxa-
nonandiamine-1,9, TCD-Diamine, calcium tungstate, zirconium 
oxide, aerosil, silicone oil 
Guttacore (Dentsply Tulsa Dental 
Specialties, Tulsa, USA) 
Guttapercha; zinc oxide; bismuth oxide; 2,5-dimethyl-
2,5di(tertbutylperoxy)hexane; titanium dioxide; para-amid fiber; 
silica,amorphous, precipitated; other components (<5%) 
NaOCl  5%  (Panreac Química SA, Barcelona, Spain)  





Sigma Aldrich, St. 
Louis, MO, USA 
NaCl 8.035 g  
NaHCO3 0.355 g 
K2HPO4ꞏ3H2O 0.231 g, MgCl2ꞏ6H2O 0.311 g 
1.0 M – HCl 39 ml 




KCl 0.225 g 
CaCl2 0.292 g 
Na2SO4 0.072 g 
1.0 M – HCl 0–5 ml 
Abbreviations: SBFS: simulated body fluid solution; TCD: 3(4),8(9)-bis(aminomethyl)triciclo[5.2.1.02,6] 
Decane; NaCl: sodium chloride; NaHCO3: sodium bicarbonate; KCl: potassium chloride; K2HPO4ꞏ3H2O: 
potassium phosphate dibasic trihydrate; MgCl2ꞏ6H2O: magnesium chloride hexahydrate; HCl: hydrogen 





Table 2: Mean (SD) of Young’s Modulus (GPa) measured at the experimental groups. 
 
 
Young’s Modulus (GPa) 
 Cervical Middle Apical 
Inner zone Outer  zone Inner  zone Outer  zone Inner  zone Outer  zone 
























































































































































Identical lower case indicates no significant differences among different materials at the same dentin third (cervical/medial/apical) and 
zones (inner/outer) after 24 hours. Identical capital letter indicates no significant differences between different materials at the same dentin 
third (cervical/medial/apical) and zones (inner/outer) after 6 months. Identical number indicates no significant differences between different 
zones (inner/outer) with the same materials at the same storage time. Asterisks indicate significant differences between different storage 
periods (24 h/6 m) with the same material at the same zone (inner/outer). Identical symbol indicates no significant differences between 
different dentin thirds (cervical/medial/apical) at the same zone (inner/outer) and period (24 h/6 m) with the same material, after Student-





Figure 1. (a) Schematic illustration indicating how dentin permeability was measured. Specimens were connected to a hydraulic pressure device 
under a constant hydraulic pressure. The measurements of the changes in fluid volume were attained via a digital sensor. (b) Schematic 
representation of the specimen preparation for interfacial evaluation Tooth coronal section was discarded. Three disks of cervical, medial and 







Figure 2. Attained microleakage values (mean and SD) for each canal sealer. Letters 
indicate differences between canal sealers at each time point and numbers identify 
differences between time points within the same canal sealer (p < 0.05).  
 
Figure 3. (a) 10 x 10 m topographic mapping obtained by AFM at the inner zone of 
the apical dentin treated with oxipatite, after 6 m of storage. Minerals allowed a 
restricted display of the tubule entrances (arrows) or a complete sealing of the lumen of 
tubules which figured completely occluded (arrowheads). (b) 10 x 10 m topographic 
mapping of inner zone of cervical dentin infiltrated with calcypatite after 6 m of storage, 
obtained by AFM. Peritubular dentin appeared strongly remineralized (double arrows). 
(c) 10 x 10 m topographic mapping obtained by AFM at the inner zone of the cervical 
dentin treated with AH Plus, after 6 m of storage. Underlying collagen fibers, which 
show the staggered pattern of collagen fibrils, produced great prominence resulting 
clearly visible (arrowheads). (d) 10 x 10 m topographic mapping obtained by AFM at 
the inner zone of the cervical dentin treated with guttacore, after 6 m of storage. 
Dentinal tubules appeared permeable (arrows). Peritubular dentine is present (double 
arrows) or absent (arrowheads).  A large platform of intertubular dentin (asterisks) 





Figure 4.  
Representative FESEM topographic images at root inner dentin surfaces treated with 
oxipatite were observed at both cervical (a) and apical thirds (b, c), at 6 m time point. 
Mineral deposition is completely filling the lumen of dentinal tubules (arrows) at dentin 
(aꞏI, bꞏII). Tubules resulted almost totally mineralized, and hermetically sealed, and the 
canal sealer (CS) did not allow any display of the entrance of tubules. Some tubular 
areas remained unfilled (arrowheads), but peritubular dentin appeared strongly 
mineralized (double arrows) (bꞏI, bꞏII). Zinc-based salts [phosphorous (P), calcium 
(Ca), and zinc (Zn)] aggregates were detected in the elemental analysis [EDX spectrum 
1 and 2 at aꞏII, aꞏIII, aꞏIV, bꞏII and bꞏIII)]. Representative FESEM topographic images 
at the inner zone of the cervical (d), medial (e) and apical (f) dentin treated with 
calcypatite, after 6 m of storage. Dentinal tubules were partially mineral filled, allowing 
multiple empty spaces (arrows). Some tubules appeared mineral free but with a robust 
peritubular dentin wall (double arrows) (eꞏI). Spectrum from energy dispersive analysis, 
attained at spectrum 1 and 2 (fꞏII) is showing elemental composition; phosphorous (P) 
and calcium are encountered (Ca) (fꞏIII, fꞏIV). AH Plus applied at the inner zone of the 
apical third, after 6 m of storage, was shown (g).The resin-dentin interface shows a lack 
of adaptation between both substrates (arrowheads).  Low magnification of 
representative view of calcypatite (I) and oxipatite (II) placed in the apical third of root 
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